Abstract Optical emission spectroscopy parallel to the axis of a low-pressure radio-frequency discharge in nitrogen was realized, i. e. end-on instead of customary side-on measurements. A specially designed optical feedthrough was fabricated and installed co-planar with the anode electrode, allowing non-invasive observations perpendicular to the plasma sheath. The principal excited species flowing towards the grounded electrode were identified and, by assuming Boltzmann distributions, the vibrational temperature of the molecules on the X 1 + g and C 3 Πu levels was estimated under various operating conditions.
Introduction
Optical emission spectroscopy (OES) provides a nonevasive probe to investigate atoms, ions and molecules within plasmas. It can provide information about excited state species densities, electron-atom, atom-atom, and ion-atom collisional effects, energy distribution of species, charge transfer between plasma constituents, and electric and magnetic fields, to name a few [1] . In addition, the presence of radio-frequency (RF) fields, magnetic fields, high potentials, etc. does not disturb the recording of the spectra [2] . This technique, in combination with voltage-current and ion-flux probe signals, could give an integrated tool for real-time monitoring and feedback control of material treatment processes in large scale plasma systems. Examples can be found in our recent reports [3, 4] . In the vast majority of plasma systems, OES data are recorded by lineof-sight observations through a plasma reactor viewport, perpendicular to the discharge axis. Even if these line-integrated data can be de-convoluted theoretically to point-specific data using various Abel inversion algorithms [5∼10] , the result will not always reflect the actual plasma chemistry in the vicinity of a substrate mounted on an electrode during plasma-based material processing. The discharge practical geometry and plasma inhomogeneity, the constraints and concerns of the applied de-convolution method (graphical, numerical or analytical), and the difference between the trajectories of the species detected by the side-on spectroscopy (perpendicular to the discharge axis) and the trajectories of those that finally reach the electrodes (parallel to the discharge axis), could be some of the reasons for the unreliable probing of the excited states close to the substrate.
Unlike previous reports, UV-visible OES is herein attempted parallelly to the discharge axis and closely to the plasma sheath which is adjacent to the grounded electrode. A special optical feedthrough was fabricated and housed in the centre of the grounded electrode, allowing the light emitted from various spots at small distances from the electrode surface to be focused on the spectrometer grating. To the best of our knowledge, it is the first time that a system like this is presented. On the other hand, in a nitrogen discharge the considerable complexity of "active nitrogen" is ascribed to its large cross sections for vibrational excitation as well as to the existence of metastable electronically excited states below the dissociation limit of ground-state N 2 . As a consequence, extensive vibrational excitation persists much longer than the time open in the discharge zone [11] . Highly excited ground-state molecules are believed to be the principal carriers of excitation. Hereby, the spectrum recorded in a 13.56 MHz nitrogen processing discharge is analyzed, and the temperature of the vibrationally excited molecules on the ground state X 1 + g and the C 3 Π u level is calculated for diverse working conditions.
Experimental setup

Plasma system
The overview of the plasma system has been presented previously [3, 4] . It is a box-type reactor made of stainless steel (SS) (w/h/d: 352 × 353 × 355 mm 3 ). Both electrodes are circular SS plates, 150 mm in diameter and horizontally orientated. The RF-driven electrode (cathode) is shielded and the grounded electrode (anode) is housed in an isolator covered by notgrounded SS. This configuration confines the plasma between the two electrode surfaces as much as possible. The gap length is adjustable, and for this work it is fixed at 50 ± 0.5 mm.
The base pressure of the system with the optical feedthrough installed (see subsection 2.2) is 7 × 10
−7
Torr measured by an active inverted magnetron gauge. The gas mass flow Q is adjusted by a digital controller and the work pressure p is monitored by an absolute pressure transducer. The RF power is supplied by a 13.56 MHz power generator (max 400 W) through an L-type custom-made matching network and an RF electrical feedthrough.
The actual power density P deposited to the discharge is well approximated with the method proposed in Refs. [12, 13] . The term "actual power density" refers to the difference between the output of the power supply and the power losses to the inevitable RF stray impedance, randomly distributed from the power supply up to the driven electrode surface, divided by the area of the latter. Briefly, this method involves the recording of the voltage and current waveforms by high bandwidth probes attached as close as possible to the RF-driven electrode outside the reactor. The measured voltage and current waveforms are transformed to the equivalent ones at the surface of the powered electrode inside the reactor by transferring the measured signals in the frequency domain with a discrete Fourier transform algorithm and taking into account an electrical circuit model of the stray impedance of the cell with experimentally determined components. A tunable L-C shunt circuit is physically connected between the powered electrode and the ground to cancel the main part of the stray impedance of the cell. Thus, the displacement current flowing through the stray impedance is minimized and, consequently, the precision of the power density calculation is increased [12] . Results from the application of this method to the current system have been analyzed elsewhere [3, 4, 14] ; the low power that arrives at the bulk plasma is emphasized (<5 W RF, refer to Refs. [3, 4, 14] for details).
OES system
A draft of the OES system used in this work is presented in Fig. 1 . It consists mainly of three parts as follows.
The optical feedthrough
The Optical feedthrough is made of a SS tube (24 mm OD and 13.5 mm ID) whose inner surface is painted with a fine black paint and it is vacuumsealed in the chamber using standard QF40 flange. Inside the tube a fixed uncoated UV fused silica window (∅12.7 mm) and a movable UV fused silica biconvex lens (∅12.7 mm, 12.7 mm effective focal length -EFL) are housed. The three components are all centered on the grounded electrode (see Fig. 1 ). The window is vacuum-sealed with a Viton O-ring at its rear side and only a small circular section (∅7 mm) is exposed to the plasma. This observation area occupies only 0.2% of the grounded electrode which is probably the reason why no sheath disturbance is observed, at least by the naked eye. The core of a movable UV silica-silica multimode optical fiber (∅1 mm) is centered in the hollow part of the tube, as depicted in Fig. 1 . The other edge of the fiber is connected to an optical matcher for efficient acceptance of the fiber output by the spectrograph and decrement of the stray light inside the instrument. The distance S 2 between the fiber and the lens is fixed and equals to 2EFL, while the distance between the electrode surface and the lens, S 1 − d, is variable. Thus, considering the thin lens formula 1/S 1 + 1/S 2 = 1/f , where f stands for the lens focal length and S 1 for the distance of a spot in front of the lens (i.e. here S 1 = 2EFL, since S 2 is fixed at 2EFL), the emitting spots at various small distances d in front of the electrode can be focused onto the fiber, with 1:1 magnification, by simple horizontal translation of the "fiber + lens" assembly to adjust
is selected to be 10 mm. 
The spectrograph
An imaging spectrograph of 250 mm focal length equipped with two motorized gratings is utilized as the dispersive device. The first grating is ruled (600 grooves/mm, blazed at 400 nm) and the second is holographic (2400 grooves/mm, blazed at 250 nm) for higher order diffractions. The grating position and the relative spectral efficiency of the whole optical system were calibrated in-situ, using Hg(Ar) and tungstenHalogen (100 W, 3300 K) lamps, respectively. As regards the spectral efficiency of the system, it was determined by comparing its response to the tungstenhalogen lamp light with the theoretical spectral curve standing for a black body at an absolute temperature of 3300 K. The spectra are recorded at the accumulation mode to reduce the noise to signal ratio and the background signal is subtracted. The entrance slit is maintained at 100 µm as a compromise between higher resolution and signal intensity. Resolution of about 0.8 nm and 0.2 nm is achieved for the 600 grooves/mm and 2400 grooves/mm gratings, respectively.
The detector
The detector is an Intensified Charge-Coupled Device (ICCD, 690 × 256 active pixels) with a W-type photocathode (180∼850 nm), P43 phosphor, and 1:1 taper magnification, mounted directly at the image plane of the spectrograph exit. The ICCD sensor was cooled down to −15
• C for negligible dark current.
Background theory and results
A survey of the 13.56 MHz N 2 plasma spectrum in the wavelength range of our system was obtained by the 600 grooves/mm grating, as presented in Fig. 2 . The principal band heads correspond to the molecular nitrogen systems, i.e.: the second positive system N 2 (SPS):
and the first positive system N 2 (FPS):
[15](p.138&p.225), [16] (p.1391) . Herein, only the former is chosen for study. Selected vibrational transitions in the second positive system resolved by the 2400 grooves/mm grating are presented and labelled in Fig. 3 . The relative values of these "peaks" are used for all the calculations hereafter. 
The emission intensities of the N 2 (SPS) vibrational bands were used to determine the temperature T vib of the vibrationally excited molecules on the C 3 Π u level according to Ref. [17] . Briefly, the intensity of a single vibrational band ν corresponding to the vibronic transition
is given by the following equation:
where C(λ νν ) is a coefficient related to the spectral sensitivity and geometrical factor of the experimental setup, h is Planck's constant, ν νν and A νν are the transition frequency and Einstein coefficient for the probability of spontaneous transition, respectively, and n ν is the density of particles in the initial state C 3 Π u (ν). By assuming a Boltzmann distribution for the population of the vibrationally excited molecules on the C 3 Π u level, i.e.:
where k is Boltzmann's constant, Eq. (1) can be rewritten as:
Here
is the vibrational energy of the excited molecules on the level C 3 Π u in the quantum harmonic oscillator approximation disregarding the anharmonicity constant [18] (p.43) , v is the vibrational quantum number, and ω e is the spacing of the vibrational energy on the level C 3 Π u in wavenumber units -2047.178 cm −1 [15](p.194) . Thus, from Eq. (3), having done the necessary corrections on the spectrum according to the calibration with the tungsten-halogen lamp and keeping constant the geometry of the OES experimental setup, one obtains:
The above equation shows that by plotting ln(I νν /v νν A νν ) versus E ν − E 0 a straight line should be obtained and the reciprocal of its slope provides the effective energy kT vib of the vibrationally excited molecules on the C 3 Π u level. This fact is demonstrated in Fig. 4 where Eq. (5) has been applied to the experimental data of Fig. 3 . The transition frequency and Einstein coefficient for the probability of spontaneous transition were both collected from Ref. [19] (p.1062). In Fig. 4 the above theory has been applied to three different bands of the N 2 (SPS), i.e. ∆v = +1, ∆v = 0 and ∆v = −1, and a good agreement is obtained for the estimated temperature (0.27 eV in the example of Fig. 4) . [20, 21] ; ii) recombination of a nitrogen ion and an electron, i.e. N + 2 +e → N * 2 (C 3 Π u ) [20] ; iii) electronic excitation of the metastable A 3 Σ level [20] . From these reactions, the most probable excitation processes populating the C 3 Π u state are pure electron excitation and recombination, but the latter has been referred to contribute 10% to the total intensity of the system [20] . Although a systematic work to plot the variation of the populations of the vibrationally excited states versus the discharge current as performed in Ref. [20] has not been done, a linear relation between various upper states of the N 2 (SPS) and the rms current of the fundamental 13.56 MHz frequency is established by our experimental data, implying electron impact excitation. The third of the above proposed excitation mechanisms would be expected to produce an appreciable population of free nitrogen atoms [20] , but no spectroscopic evidence for such a concentration of nitrogen atoms has been found herein. Furthermore, the cascading effect is not important for the C 3 Π u state population in low-temperature plasmas [22] . Thus, the assumption of direct electron impact excitation from the ground sate to C 3 Π u is considered in the present plasma. Finally, since C 3 Π u is not a metastable state, the Frank-Condon principle is applicable to this excitation transition and the collisional de-excitation process is not considered significant [21] . Under these assumptions, the total density n ν of the C 3 Π u (ν) molecules at vibrational level ν will be proportional to the sum of the densities n i of the vibrationally excited molecules N *
) for each level i and the corresponding q νi Frank-Condon factors, i.e.
And then, since collisional de-excitation was ignored and only spontaneous emission was considered for the vibrational transitions vv of the N 2 (SPS) {i.e.
]+hν (where h is Planck's constant and ν the emission frequency)}, the measured intensity I νν of each band head will be proportional to the density n ν and the corresponding Einstein coefficient, i.e.
I νν ∝ n ν A νν .
Let us consider the intensity ratio of the heads 357.6 nm (vv =0, 1) and 315.9 nm (vv =1, 0) (see Fig. 3 ). In this case
and after Eq. (6)
Since the Boltzmann distribution for the N *
) vibrationally excited population has an effective temperature T vib , i.e.
Eq. (9) becomes (here the experimental intensities I νν are in arbitrary units):
where
stands for the vibrational energy of the excited molecules on the level X 1 Σ + g in the quantum harmonic oscillator approximation disregarding the anharmonicity constant [18] Eq. (6) can be transformed to a polynomial by setting an unknown x equal to:
Since T vib > 0 , x must be smaller than 1. Thus, Eq. (11) is transformed to an equivalent one:
The above equation is solved graphically with the ratio I(0,1)/I(1,0) serving as a parameter, and the solutions x 0 are shown in Fig. 5 . Eventually, T vib is provided by Eq. (13) by replacing x 0 . Finally, Fig. 6 summarizes the evolution of the vibrational temperature of the molecules on the X 1 Σ + g and C 3 Π u levels as a function of the RF power density for two working pressures. In both cases, the temperature increases monotonously with the power. The molecules at the ground level acquire an almost double temperature which appears elevated for the lower pressure. 
Conclusions
A conceptually different system for optical emission spectroscopy has been presented, providing a possibility for sheath-side spatially resolved observations. The system was used for characterizing the capacitivelycoupled nitrogen plasma, and the first and second positive molecular systems are found to be well developed despite the low power fed. The step-by-step theory for the vibrational temperature estimation of two different excitation levels was presented and applied. The population of the ground state level X 1 Σ + g exhibited a vibrational temperature between 0.4 eV and 0.5 eV, almost two times higher than that of the C 3 Π u molecules. Detailed interpretation of these results is beyond the scope of this report, and electrostatic probe measurements are in progress for a better evaluation of the plasma kinetics at various operational windows.
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